Protoplasts from infected and uninfected cells were isolated from the central nitrogen fixing tissue of French bean (Phaseolus vulgaris L. cv Contender) root nodules. Successive filtrations allowed the separation of the infected cells, whereas the small uninfected cells were isolated on a discontinuous Percoll gradient. Higher yields of intact protoplasts were obtained from young (4-week-old) nodules whereas no protoplasts could be isolated from the oldest nodules. When proteolysis was determined in the cytosolic fraction of both infected and uninfected cells, at pH 5.0 and 8.0, with leghemoglobin or azocasein as substrate, activity was present only in infected cell protoplasts and increased with nodule age. A protease with an acidic pH optimum, mainly responsible for this increasing activity, was highly purified from senescing nodules by electro-elution after nondenaturing polyacrylamide gel electrophoresis and used to produce polyclonal antibodies. Western blots of nodule protein separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed with purified anti-protease immunoglobulin G showed the molecular mass of the protease to be 58 kilodaltons. Blots also confirmed that protease protein was located in infected cell protoplasts only, regardless of nodule age.
maintenance of a strict compartmentalization of proteases could constitute an interesting strategy to limit the lytic processes in the fixing nodules. The isolation of symbiosomes in young, functional French bean nodules led to the conclusion that the peribacteroid space did not contain proteolytic activities (21) . Furthermore, we proposed a protective role played by the peribacteroid membrane against the digestion of the microsymbiont by plant cytosolic proteases. However, in the determinate nodules of soybean and French bean, two cell types occur in the nitrogen fixing zone, infected and uninfected, which also constitutes an alternative location for protease. The respective role of each cell type in the assimilation of nitrogen molecules has been clarified by the preparation of protoplasts (8, 1 1) .
In the present paper, we have used a protoplast isolation technique to separate infected and uninfected cells of French bean nodules. The distribution of proteases between these types of cells was examined in relation to nodule age. The protease with acidic pH optima, mainly expressed during the senescing period, was purified and used for the preparation ofpolyclonal antibodies. This enzyme in the cytosolic extracts of protoplasts purified from nodules of different ages was detected by immunoblotting.
Root nodules of legumes in symbiosis with Rhizobium bacteria fix atmospheric nitrogen and thus obtain a significant amount of nitrogen by this process. However, in annual legumes, nodule senescence is initiated prior to seed maturation, resulting in reduced effectiveness at a crucial stage of plant development. The involvement of proteolytic enzymes in the senescence process has been demonstrated in soybean (16) and French bean nodules (18) . Two different proteolytic activities occurred during the senescence of French bean nodules, but the protease with acidic pH optima is the most important (18) . The increase in these protease activities is coupled to a decrease in nodule pH during senescence (22) . The first targets of these proteases were the cytosolic proteins and especially leghemoglobin, whose disappearance was correlated with the decline in the nitrogen fixation and in limiting the oxygen supply to the bacteroids. A second step of the senescence was characterized by the alteration of the peribacteroid membrane, followed by the digestion of the bacteroids themselves in the oldest nodules (9, 10, 28) .
In young, functional nodules, the existence of proteases in the nodule cytosol has also been reported (17) , but the effect of lytic activities remains low. Vance et al. (3 1) suggested that 1174 
MATERIALS AND METHODS

Nodules
French beans (Phaseolus vulgaris L. cv Contender) were grown in a glasshouse (temperature range 20 to 27°C) and supplied with a nitrogen-free mineral solution as previously described (25) . Inoculation with Rhizobium leguminosarum bv phaseoli strain 9-6 was carried out 4 d after sowing. Nodules appeared on the shoots 1 week later and were harvested at different ages from 3 to 6 weeks after inoculation.
Protoplasts Isolation
The procedure for protoplast isolation is given in Figure 1 . Freshly harvested nodules (about 12 g) were finely sliced in a Petri dish, at 2 to 4°C, with a scalpel blade in 12 mL of the preparation buffer containing Tris-Mes (33 mM, pH 6.5, 800 mosmol kg-' H20) with sorbitol (0.5 M) and CaCl2 (5 mM). The enzymatic mixture of Hanks et al. (8) was used for digestion and contained cellulysin (16 mg.mL-', Sigma), hemicellulase (8 mg. mL-', Sigma), pectinase (17 uL* mL-', Sigma), and BSA (7 mg.mL-') in Tris-sorbitol buffer. After 3.5 h of incubation at 25°C with slow shaking ( Nodules harvested at different ages were crushed in a Sorvall Omnimixer in K-phosphate buffer (100 mM, pH 6.7, 2 mM DTT, 1 mm EDTA) containing insoluble PVP (10%, w/ v), and the homogenate was filtered through 100-Mm nylon mesh and centrifuged for 15 min at 27,000g. The supernatant was used for assays of nodule cytosol proteolytic activity.
Protoplasts were washed with Tris-Mes buffer (33 mM, pH 6.5) and then ruptured by ultrasonic treatment, intermittently for 60 s, with a Vibra Cell model 250 cell disruptor (Brandson, Danbury, CT). The extracts were centrifuged (15 min, 29,000g), and proteolytic activity in supernatant was tested directly. All procedures of enzyme extraction were carried out at 0 to 4°C.
Protease assays were conducted with azocasein (15) and leghemoglobin purified from French bean nodules at pH 5 and 8 as previously described (17, 18) . The protein concentration was estimated by the method of Lowry et al. (12) with BSA as a standard.
Purification of Nodule Protease
About 80 g (fresh weight) of 5-to 6-week-old nodules were crushed as described above. After bacteroid elimination, the supernatant was first treated with 0.1% polyethylenimine (30 min) and centrifuged at 1 8,000g for 15 min. Solid (NH4)2SO4 was then added to give 20% saturation. The supernatant obtained after centrifugation (18,000g for 20 min) was adjusted to 55% saturation with solid (NH4)2SO4. The resulting pellet containing proteolytic enzymes was resuspended and desalted on a Sephadex G-25 column (25 x 5 cm) eluted with Na-acetate buffer (50 mM, pH 5.2, containing 2 mM DTT and 1 mM EDTA). Proteases eluted in the void volume were then chromatographed on a CM-cellulose column (10 x 5 cm) equilibrated with the same buffer. Proteolytic enzymes were not bound. The rapidly eluted active fraction was concentrated by ultrafiltration through a 5000 D cut-off membrane (Amicon Corporation, Danvers, MA) and applied to a hemoglobin-Sepharose 4B affinity column (Sigma). The column (8 x 1.5 cm) was washed with Na-acetate buffer (50 mM, pH 5.2) until no A280 in the eluate was observed. Protease was eluted by washing with 0.05 M acetic acid (pH 3.0), and the fractions were quickly neutralized by the addition of 4 M Naacetate, pooled, and desalted on a Sephadex G-75 column (80 x 2.5 cm) eluted with Na-acetate buffer.
Protein Gel Electrophoresis
Separation of the protease was achieved by electroelution after nondenaturing PAGE with a Bio-Rad Mini Protean II slab cell system. The concentrated peak of protease eluted after G-75 chromatography was electrophoresed into a 1.5 mm, 8% nondenaturing polyacrylamide slab gel. Each cell was loaded with the same amount of protein (100 ,g). After the run, one lane was rapidly stained to identify the bands, and the appropriate area ofthe unstained gel was excised. The protein was electroeluted from the gel slice with a model 422 electroeluter system (Bio-Rad). The eluted proteins were concentrated by microconcentration (Centricon 10, Amicon).
Staining for protease activity after nondenaturing PAGE was achieved by incorporation of heat-denatured BSA (150 igg mL-') in the 8% polyacrylamide gel (5) . After amide slab gel (5-10 ,g of proteins per lane). After electrophoresis, proteins were transferred (27) to Immobilon-P Membrane (Millipore) with a Bio-Rad mini trans-blot electrophoretic transfer cell as recommended by the manufacturer.
The blot was treated with anti-protease IgG (20 j,g. mL-') and visualized with goat anti-rabbit conjugated with the biotinylated avidin horseradish peroxidase system (32).
RESULTS
Protoplasts Preparation
Two different sizes ofprotoplasts were prepared by filtration and with a Percoll gradient as described in "Materials and Methods." Figure 2A shows a light micrograph ofpreparations of infected cell protoplasts devoid of contamination and characterized by an irregular shape, a brown color, and a granular appearance (Fig. 2B ). Electron micrographs (Fig. 2C) showed the high density of bacteroids that entirely filled the cell. As previously reported for young nodules of Phaseolus (19), the membrane envelope enclosed a small number of bacteroids containing numerous poly-,B-hydroxybutyrate granules. The protoplasts from the uninfected cells were located at the upper part of the Percoll gradient. As shown in Figure 2D and E, protoplasts were smaller, spherical, and commonly aggregated. Their distinctive characteristic was the presence of a very large vacuole and a clear cytosol containing numerous peroxisomes.
To define optimal conditions for the preparation of protoplasts and for further proteolytic enzyme studies, protoplast number in nodules of increasing age was determined (Table  I) . Under our experimental conditions, 3-to 5-week-old nodules gave greater yields, whereas older nodules provided a much lower number ofintact protoplasts due to the increasing fragility of the membrane. The number of both types of protoplasts that were isolated decreased with nodule age, and no protoplasts were obtained from material older than 6 weeks.
Proteolytic Activities
Nodules of increasing age were harvested and each sample was divided into two parts, one used for the preparation of cytosolic extracts and the other for the isolation ofprotoplasts. Each was tested for proteolytic activity with the commonly used azocasein substrate and with purified leghemoglobin, at acidic and alkaline pH. In cytosolic extracts (Fig. 3) , azocasein and leghemoglobin digestion, measured at pH 5, increased with nodule age. As previously described (18) , the proteolytic activity at alkaline pH was detected only in the oldest nodules, especially when leghemoglobin was used as substrate. Nodule age (WekS) Figure 4 . Proteolytic activity in crude cytosol of protoplasts, purified from French bean nodules harvested at different ages. Activity was determined as described in Figure 3 in infected (@, U) and uninfected (0, Ol) cell protoplasts. In purified protoplasts, proteolytic activities were de mined under the same conditions as above. Protoplasts i tured by sonication were centrifuged, the pellet was discar( and the supernatants were used for enzyme assays. Acti was very low in uninfected cell protoplasts with both s strates at acidic and alkaline pH. No increase in activity observed with nodule age (Fig. 4) . In contrast, active azoca. digestion occurred in extracts from infected cell protopl at pH 5 and 8 and was always higher in the oldest nod (Fig. 4) . Leghemoglobin hydrolysis reaching 120 units protoplasts from 6-week-old nodules was observed also at 5, whereas activity was more limited at alkaline pH increased in the protoplasts isolated from the oldest nodu Proteolytic specific activity was three-and sevenfold hif in protoplasts than in nodule crude extracts for azocasein leghemoglobin, respectively. Protease Purification
The purification procedure used for the thiol protease ac at acidic pH (18) Figure 6 . Western blot of: lane 1, purified protease; lanes 2 and 3, crude cytosol of 4-and 6-week-old nodules, respectively; lanes 4, 6, 8, 10, crude cytosol extract of uninfected cell protoplasts; lanes 5, 7, 9, 11, crude cytosol extract of infected cell protoplasts. Protoplasts were isolated from 3-to 6-week-old nodules. Proteins (5 ,g per lane)
were blotted from a 8% nondenaturing PAGE onto Immobilon-P membrane and probbed with anti-protease IgG (20 jig * mL-1).
ules bodies. CM-cellulose and affinity chromatographies replaced for the Sephadex G-100 and hydroxyapatite separations, resulting pH in a 157-fold purification (Table II) . The active fractions but eluted with Sephadex G-75 filtration were subjected to nondes.
denaturing PAGE. Protease activity in the gels was identified gher by staining gels for protein (Fig. 5, 
Immunodetection of Protease in Nodule Protoplasts
Specific polyclonal antibodies were produced against the purified protease from French bean nodules. IgG fractions were extracted from rabbit serum by affinity chromatography. A major reactive band (RF = 0.38) was identified on Western blots of nondenaturing PAGE of purified protease (Fig. 6,  lane 1) . A similar band localized at the same RF was observed with the crude extract from 4-and 6-week-old nodules (Fig.  6, lanes 2 and 3) . Cytosolic extracts of protoplasts previously used for proteolytic activity detection (Fig. 4) were blotted against anti-protease IgG (Fig. 6, lanes 6 to 11) . A reactive band corresponding to RF 0.38 was always present in all fractions from infected cell protoplasts regardless of the age of the nodules. The intensity of staining of the RF 0.38 band did not appear to increase during the sampling period. In contrast, no reaction was detected in the protoplasts of uninfected cells. In all protoplast samples, an antigenic area appeared near the origin. This band probably resulted from a nonspecific interaction.
DISCUSSION
We report here a rapid preparation of purified protoplasts, of both infected and uninfected cells from the central tissue ofPhaseolus nodules, without mutual contamination ofeither cell type. This success was mainly due to the use of filtration as recommended by Kouchi et al. (1 1) for the separation of the infected cell protoplasts and the introduction of a Percoll gradient that retained the uninfected cell protoplasts at the upper part ofthe 40% Percoll (Fig. 1 ). Under our experimental conditions, 3-week-old nodules exhibiting optimal C2H2 reduction activity (18) gave the highest yield of protoplasts (Table I ). In these young nodules, a small number of bacteroids were present in the symbiosome, but, during the nodule senescence, a merging of peribacteroid membranes leads to an increase in the number of bacteroids within the symbiosome (19) . The fragility of the peribacteroid membrane seems directly related to the size of the symbiosome, but may also be a function of lytic processes that alter the integrity of all cellular membranes. This could explain the lower yield of the protoplast preparations obtained from the oldest nodules.
Proteolytic activity, both at acidic and alkaline pH, was detected in the extracts of infected cell protoplasts and was completely absent in the extracts of uninfected cells. The digestion of leghemoglobin increased in the whole nodule extracts and in protoplasts from infected cells with a sevenfold higher activity. The protease with acidic pH optima, mainly responsible for leghemoglobin digestion (18) , was placed under favorable conditions during nodule senescence, because the intracellular pH of the nodules decreases from 6.5 to 5.5 or less (22) . Purification of this protease and the preparation of polyclonal antibodies allowed us to confirm by immunoblotting the strict localization of the acidic protease in the infected cells, regardless of the age of the nodules. Although this protease was detected in the extracts of the youngest nodules in vitro after crushing (18) and here (Fig. 3) , its presence does not necessarily reflect in vivo proteolytic activity in the host cell. This situation could be explained by the strict compartmentalization of lytic enzymes or by the action of specific protease inhibitors, as recently reported in winged bean (13) . Peroxidation of membrane lipids, very recently demonstrated with peribacteroid membranes (24) , could facilitate a leakage of proteases outside the vacuolar compartment, which is generally considered a good candidate for the accumulation of lytic enzymes (14) . The bacteroids within the symbiosome are thought to be protected against digestion during the nitrogen fixing period of nodules. However, the lysis of the peribacteroid membrane, a phenomenon commonly observed during either natural or induced senescence (1, 2, 9, 23, 30), could facilitate the access of lytic enzymes to the microbial partner. Brewin et al. (4) implicated proteases in pea nodules as factors affecting peribacteroid membrane stability by showing that protease activity altered the antigenic properties of peribacteroid membrane proteins. Such processes could be considered as heterophagic reactions of the plant, present only in the infected cells, in order to eliminate the microbial partner, as is commonly observed after pathogen attack (3, 7, 20) .
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